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Introduction {#phy214093-sec-0001}
============

Electronic cigarette (e‐cigarette) use has markedly increased over the past years. A recent study conducted in the United States showed that e‐cigarette use has even surpassed tobacco cigarette use among middle school and high school students (Singh et al. [2016](#phy214093-bib-0021){ref-type="ref"}). The market for e‐cigarettes is greatly diversified. In 2017, 433 brands of e‐cigarettes were commercially available (Zhu et al. [2014](#phy214093-bib-0024){ref-type="ref"}; Hsu et al. [2018](#phy214093-bib-0011){ref-type="ref"}). Moreover, e‐liquids are available in over 7000 flavors, with nicotine concentrations ranging from 0 mg/mL to 24 mg/mL (Goniewicz et al. [2013](#phy214093-bib-0010){ref-type="ref"}; Zhu et al. [2014](#phy214093-bib-0024){ref-type="ref"}; Hsu et al. [2018](#phy214093-bib-0011){ref-type="ref"}).

Upon inhalation, the e‐liquid, a mixture of propylene glycol (PG), glycerol (Gly), nicotine and/or flavors, is dragged through a heating coil, which leads to its aerosolization (Brown and Cheng [2014](#phy214093-bib-0004){ref-type="ref"}; Talih et al. [2017](#phy214093-bib-0022){ref-type="ref"}). The popularity of e‐cigarettes is mainly due to the impression of safety surrounding its use (Camenga et al. [2015](#phy214093-bib-0005){ref-type="ref"}; Farsalinos et al. [2015](#phy214093-bib-0006){ref-type="ref"}; Majeed et al. [2017](#phy214093-bib-0016){ref-type="ref"}). However, studies have shown that e‐cigarette vapors contain several oxidants, carcinogens and irritants, such as formaldehyde, acetaldehyde, acrolein, methylglyoxal, and other free radicals (Bekki et al. [2014](#phy214093-bib-0002){ref-type="ref"}; Margham et al. [2016](#phy214093-bib-0018){ref-type="ref"}; Farsalinos et al. [2017](#phy214093-bib-0007){ref-type="ref"}). It has been shown that increasing puff duration and coil power can increase the generation of these hazardous components (Gillman et al. [2016](#phy214093-bib-0009){ref-type="ref"}; Farsalinos et al. [2017](#phy214093-bib-0007){ref-type="ref"}). Moreover, addition of nicotine and flavorings also increases the number of potential irritants that are inhaled (Khlystov and Samburova [2016](#phy214093-bib-0013){ref-type="ref"}; Bitzer et al. [2018](#phy214093-bib-0003){ref-type="ref"}). However, we currently do not know how e‐cigarette settings and e‐liquid constituents specifically impact the size of the particle generated and, consequently, lung deposition.

Particle aerodynamic diameter is the main predictor of where inhaled particles will deposit into the lungs and in what proportion (ICRP, [1994](#phy214093-bib-0012){ref-type="ref"}). Since variations in aerosolization conditions can very likely impact particle size and ultimately lung deposition, it is critical to assess the impact of the multiple product variation of e‐cigarettes (i.e. coil power, PG/Gly ratios, flavors, nicotine content) on particle size and determine how it affects lung deposition. In this study, we assessed the impact of power, temperature, PG/Gly ratios, flavors, and nicotine content on the size of particles emitted by an e‐cigarette using a single brand of e‐cigarette and found that all modifiable aspects of e‐cigarette settings tested or e‐liquid constituents directly affect particle size and lung deposition.

Methods {#phy214093-sec-0002}
=======

Electronic cigarette and aerosol generation {#phy214093-sec-0003}
-------------------------------------------

The inExpose e‐cigarette extension (SCIREQ, Montreal, PQ) was used in this study. The inExpose e‐cigarette extension is composed of a *Joyetech eVIC‐VTC Mini* e‐cigarette connected to a computer‐controlled system that automates the e‐cigarette activation and standardizes the vaping conditions for research purposes. The inExpose system bypasses the native battery of the *eVIC‐VTC,* thereby eliminating aerosol output variations associated with battery drainage. The inExpose puff profiles were configured to a half‐sinusoidal shape with a volume of 70 mL, applied every 30 sec. Total puff run time was of 4.2 sec. The inExpose system also provided a 2 LPM bias flow to push the e‐cigarette vapor into the 45 L dilution chamber.

The *eVIC‐VTC* can be configured in two distinct modes: power‐controlled and temperature‐controlled. When configured in power‐controlled mode, a preset power value is selected by the user (0.5 Ω range 15 W--60 W; 1.5 Ω range: 10--25 W). During a puff, the power delivered to the coil stays relatively constant during the puff cycle. The constant power translates into a steady increase of the coil\'s temperature throughout the puff cycle. In the temperature‐controlled mode, the power transferred to the coil is regulated with a feedback mechanism. This closed‐loop control aims to maintain a constant temperature throughout the puff. The temperature set point is adjustable (range 200--250°C) and configured by the user.

During experiments under the power‐controlled mode (50% PG/50% Gly ratio), two different stainless steel coils were used with respective resistance of 0.5 Ω and 1.5 Ω. Each of these coils was tested at three different power levels (0.5 Ω coil at 24, 37.5 and 51 W and 1.5 Ω coil at 13.2, 18 and 22.8 W). Experiments using the temperature‐controlled mode (50% PG/50% Gly ratio) were also conducted. The temperature‐controlled experiments were carried out with a coil made of nickel, using the following set points: 210, 225 and 250°C. To assess the impact of PG/Gly ratios, flavors and nicotine, the temperature‐controlled setting was used at 210°C. The e‐liquids used in the study were composed of 100% PG/0% Gly, 70% PG/30% Gly, 30% PG/70% Gly or 0% PG/100% Gly, with or without 18 mg/mL of nicotine. Menthol (10 mg/mL), vanillin (10 mg/mL) or maltol (5 mg/mL) were added to a 70% PG/30% Gly or 30% PG/70% Gly e‐liquid, in concentrations based on previous studies (Tierney et al. [2016](#phy214093-bib-0023){ref-type="ref"}). Flavors and nicotine were added to a 70% PG/30% Gly e‐liquid.

Instrumentation and aerosol sampling {#phy214093-sec-0004}
------------------------------------

A new heating coil was used for each parameter investigated. To avoid dry puffing, five puffs (70 mL puff, 2 per minute) were made outside the collection system. A total of five puffs (70 mL puff, 2 per minute with a 2 L/min bias flow) were generated and collected. Vapors diluted with 40 L/min airflow were collected in a 45 L barrel placed in a biosafety cabinet to avoid room air particles from being sampled. Measures for each experimental condition were performed in triplicate.

E‐cigarette particle size distribution analyses {#phy214093-sec-0005}
-----------------------------------------------

Measurements of particle size distribution were carried out by a Condensation Particle Counter (CPC 3787, TSI Inc.) and a Scanning Mobility Particle Sizer spectrometer (SMPS 3080, TSI Inc). Particle size range was fixed at 20.9 to 881.7 nm. Data collection was performed during a scan time of 120 sec with a sheath flow of 2 LPM and an aerosol flow of 0.2 LPM. Each data acquisition was made in triplicate. Each curve represents the proportion of each particle diameter normalized to the total number of particles analyzed (% of total particles analyzed).

E‐cigarette particle lung deposition analyses {#phy214093-sec-0006}
---------------------------------------------

Lung deposition was calculated using the International Commission on Radiology Protection model (ICRP). Total, head airway region, tracheobronchial airway region, and alveolar airway region deposition were assessed according to previously published work (ICRP, [1994](#phy214093-bib-0012){ref-type="ref"}):

The head airway deposition fraction DF~HA~ is$${DF}_{HA}{= {IF}}\left( {\frac{1}{{1 +}e^{6{.84 + 1}{.183\ln}\, d_{p}}} + \frac{1}{{1 +}e^{0{.924 - 1}{.885\ln}\, d_{p}}}} \right)$$where d~p~ is the particle size in μm and IF is the inhalable fraction, given by$${{IF} = 1 - 0}{.5}\left( {{1 -}\frac{1}{{1 + 0}{.00076}d_{p}^{2{.8}}}} \right)$$

The tracheobronchial deposition fraction DF~TB~ is$$\begin{array}{cl}
 & {{DF}_{TB} = \left( \frac{0{.00352}}{d_{p}} \right)} \\
 & \left( {e^{{- 0}{.234}{({\ln\, d_{p} + 3{.40}})}^{2}} + 63{.9}e^{{- 0}{.819}{({\ln\, d_{p} - 1{.61}})}^{2}}} \right) \\
\end{array}$$

The alveolar deposition fraction DF~AL~ is$$\begin{array}{cl}
 & {{DF}_{AL} = \left( \frac{0{.0155}}{d_{p}} \right)} \\
 & \left( {e^{{- 0}{.416}{({\ln\, d_{p} + 2{.84}})}^{2}}{+ 19}{.11}e^{{- 0}{.482}{({\ln\, d_{p} - 1{.392}})}^{2}}} \right) \\
\end{array}$$

The total deposition DF is the sum of the regional depositions, or$${{DF} = {IF}}\left( {0{.0587 +}\frac{0{.911}}{{1 +}e^{4{.77 + 1}{.485\ln}\, d_{p}}}} \right) + \left( \frac{0{.943}}{{1 +}e^{0{.508 - 2}{.58\ln}\, d_{p}}} \right)$$

Each curve represents the deposition in each lung region multiplied by the emitted relative proportion of each particle diameter analyzed.

Statistical analyses {#phy214093-sec-0007}
--------------------

Particle size distribution between two experimental groups was assessed by a Kolmogorov--Smirnov test (Table [S1](#phy214093-sup-0001){ref-type="supplementary-material"}). Lung particle deposition between two experimental groups was also assessed using a Kolmogorov--Smirnov test (Table [S2](#phy214093-sup-0001){ref-type="supplementary-material"}). Resulting *P*‐values are indicated in Tables [S1](#phy214093-sup-0001){ref-type="supplementary-material"} and [S2](#phy214093-sup-0001){ref-type="supplementary-material"}, a *P*‐value \<0.05 indicating a significantly different distribution between the two compared groups. Statistical analyses were made using GraphPad Prism Software (v. 8, La Jolla California USA).

Results {#phy214093-sec-0008}
=======

E‐cigarette particle size increases in a coil power‐dependent manner {#phy214093-sec-0009}
--------------------------------------------------------------------

A large variety of e‐cigarette brands are commercially available, meaning numerous possible combinations in coil resistance, power settings, and temperature. We first assessed the impact of the coil power on the e‐cigarette particle size distribution. A 50% PG/50% Gly e‐liquid without flavors or nicotine was used. For the 0.5 Ω coil, we found that increased coil power led to the generation of larger particles (Fig. [1](#phy214093-fig-0001){ref-type="fig"}A; Table [S1](#phy214093-sup-0001){ref-type="supplementary-material"}). Similar trends were found for the 1.5 Ω coil (Fig. [1](#phy214093-fig-0001){ref-type="fig"}B; Table [S1](#phy214093-sup-0001){ref-type="supplementary-material"}). Intriguingly, while the two lowest temperatures of the temperature‐controlled mode generated similar particle size distribution, smaller particles were emitted while using the highest temperature setting (Fig. [1](#phy214093-fig-0001){ref-type="fig"}C; Table [S1](#phy214093-sup-0001){ref-type="supplementary-material"}).

![Impact of coil power and temperature on size distribution of particles emitted by an e‐cigarette. Size distribution and size intervals of particles emitted by an e‐cigarette under (A) a power‐controlled setting with a 0.5 Ω coil, (B) a power‐controlled setting with a 1.5 Ω coil, and (C) a temperature‐controlled setting with a 0.5 Ω coil. In all cases, a 50% PG/50% Gly e‐liquid ratio was used, with no nicotine or flavors. Mean (hard line) of three replicates per condition ± standard error mean (shade). For each replicate, particle diameter frequencies were normalized to the total number of particles analyzed.](PHY2-7-e14093-g001){#phy214093-fig-0001}

A greater proportion in e‐liquid glycerol leads to larger e‐cigarette particle size {#phy214093-sec-0010}
-----------------------------------------------------------------------------------

We investigated the impact of different PG/Gly ratios on the e‐cigarette particle emission. We found that higher Gly proportion, with and without nicotine, led to the generation of larger particles (Fig. [2](#phy214093-fig-0002){ref-type="fig"}A--C; Table [S1](#phy214093-sup-0001){ref-type="supplementary-material"}). This phenomenon was also shown in menthol and vanillin containing e‐liquids, as larger particles were generated in flavor‐containing 30% PG/70% Gly e‐liquid compared to the 70% PG/30% Gly e‐liquid (Fig. [3](#phy214093-fig-0003){ref-type="fig"}A--C; Table [S1](#phy214093-sup-0001){ref-type="supplementary-material"}).

![Impact of PG/Gly ratios and nicotine on size distribution of particles emitted by an e‐cigarette. Size distribution of particles emitted by an e‐cigarette under temperature‐controlled set at 210°C with e‐liquid containing (A) 0 mg/mL of nicotine or (B) 18 mg/mL of nicotine. In both cases, e‐liquids made of 100% PG/0% Gly (maroon line), 70% PG/30% Gly (red line), 30% PG/70% Gly (blue line) or 0% PG/100% Gly (teal line) were used, all without flavors. (C) Size intervals of particles emitted are presented. Mean (hard or dotted lines) of three replicates per condition ± standard error mean (shade). For each replicate, particle diameter frequencies were normalized to the total number of particles analyzed.](PHY2-7-e14093-g002){#phy214093-fig-0002}

![Impact of menthol, vanillin, or maltol on size distribution of particles emitted by an e‐cigarette. Size distribution of particles emitted by an e‐cigarette under temperature‐controlled set at 210°C with (A) 70% PG/30% e‐liquid or (B) 30% PG/70% Gly e‐liquid containing no flavor (black line), menthol (green line), vanillin (orange line) or maltol (purple line). (C) Size intervals of particles emitted are presented. Mean (hard lines) of three replicates per condition ± standard error mean (shade). For each replicate, particle diameter frequencies were normalized to the total number of particles analyzed.](PHY2-7-e14093-g003){#phy214093-fig-0003}

Nicotine changes e‐cigarette particle size distribution {#phy214093-sec-0011}
-------------------------------------------------------

Addition of nicotine in e‐liquids is very common, with concentrations ranging from 0 to 24 mg/mL (Tierney et al. [2016](#phy214093-bib-0023){ref-type="ref"}). We therefore assessed the impact of nicotine on e‐cigarette particle size distribution. Regardless of PG/Gly ratios, addition of nicotine to flavor‐free e‐liquid increased emitted particle size (Fig. [2](#phy214093-fig-0002){ref-type="fig"}A--C; Table [S1](#phy214093-sup-0001){ref-type="supplementary-material"}). However, adding nicotine to flavored e‐liquid (menthol, vanillin or maltol) did not affect particle size distribution (Fig. [4](#phy214093-fig-0004){ref-type="fig"}A--C; Table [S1](#phy214093-sup-0001){ref-type="supplementary-material"}).

![Impact of nicotine with menthol, vanillin, or maltol on size distribution of particles emitted by an e‐cigarette. Size distribution and size intervals of particles emitted by an e‐cigarette under temperature‐controlled set at 210°C with 70% PG/30% Gly e‐liquid with (A) no flavor, (B) menthol (C), vanillin or (D) maltol without nicotine (dotted line) or with 18 mg/mL of nicotine (hard line). Mean (lines) of three replicates per condition ± standard error mean (shade). For each replicate, particle diameter frequencies were normalized to the total number of particles analyzed. For comparisons purposes, Figure [4](#phy214093-fig-0004){ref-type="fig"} presents controls without nicotine that are also presented in Figure [3](#phy214093-fig-0003){ref-type="fig"}A.](PHY2-7-e14093-g004){#phy214093-fig-0004}

Vanillin increase e‐cigarette particle size {#phy214093-sec-0012}
-------------------------------------------

Several flavonoids are used to reproduce the 7000 flavors in which e‐liquids are sold. We further assessed the impact of flavors on particle size distribution. We found that adding menthol or maltol to the e‐liquid did not change the particle size distribution compared to the unflavored e‐liquid (Fig. [3](#phy214093-fig-0003){ref-type="fig"}A--B; Table [S1](#phy214093-sup-0001){ref-type="supplementary-material"}). However, adding vanillin drastically increased the e‐cigarette--emitted particle size (Fig. [3](#phy214093-fig-0003){ref-type="fig"}A--B; Table [S1](#phy214093-sup-0001){ref-type="supplementary-material"}).

Variations in e‐cigarette components and e‐liquid composition affect the predicted lung deposition {#phy214093-sec-0013}
--------------------------------------------------------------------------------------------------

We observed several effects of e‐cigarette settings and e‐liquid constituents on particle size and distribution. Using preestablished lung deposition equations for head airways, tracheobronchial airways, and alveoli, we calculated how variations in particle size distribution affect predicted lung deposition. Particles generated by the e‐cigarette at any setting and with any e‐liquid were predicted to mainly deposit in the alveoli. Conditions that led to an increase in particle size generated by the e‐cigarette, such as increase in power and e‐liquid glycerol proportion as well as presence of nicotine and vanillin in the e‐liquid, led to a reduction in alveolar deposition (Fig. [5](#phy214093-fig-0005){ref-type="fig"}; Table [S2](#phy214093-sup-0001){ref-type="supplementary-material"}).

![Impact of variations in e‐cigarette settings and e‐liquid constituents on lung deposition of emitted particles. Lung deposition of particles emitted by the e‐cigarette was calculated according to the International Commission on Radiology Protection (ICRP) model. Impact of (A) e‐cigarette power, (B) presence of nicotine in the e‐liquid, (C) PG‐based or Gly‐based e‐liquid and (D) presence of vanillin in the e‐liquid are presented. Mean (hard line) of three replicates per condition ± standard error mean (shade). Each pie chart represents the percentage of total deposited particles that are specifically deposited in the head region (purple section), tracheobronchial region (pink section), and alveolar region (orange section). For each replicate, particle diameter frequencies were normalized to the total number of particles analyzed.](PHY2-7-e14093-g005){#phy214093-fig-0005}

Discussion {#phy214093-sec-0014}
==========

This study is one of the first to document that changing e‐cigarette settings and e‐liquid composition has an impact on particle size distribution. Consequently, this variation in particle size is also predicted to change how particles emitted by the e‐cigarette deposit in the lungs.

In this study, we were able to modulate the power of the heating coil using a single e‐cigarette brand. Under the power‐controlled setting, we have shown that increased heating coil power leads to increased particle size. This phenomenon was not reproduced when using the temperature‐controlled setting. This could be explained by the fact that, since having a fixed power instead of a fixed endpoint temperature, the power‐controlled coil reaches greater temperatures than the temperature‐controlled coil. Gillman et al. ([2016](#phy214093-bib-0009){ref-type="ref"}) assessed the difference between different brands of e‐cigarette, showing that greater coil power led to the generation of greater e‐cigarette aerosol mass and formaldehyde, acetaldehyde, and acrolein levels. This shows that changes in e‐cigarette model, and therefore coil power, can not only change the particle size distribution but can also change the composition of the aerosols that will be delivered to the lungs.

E‐liquids can be sold in several PG/Gly ratios and in a wide range of nicotine concentrations. We found that PG/Gly ratio can impact particle size distribution, as higher Gly concentration increases particle size, as has previously been observed in other studies (Baassiri et al. [2017](#phy214093-bib-0001){ref-type="ref"}; Larcombe et al. [2017](#phy214093-bib-0014){ref-type="ref"}). This phenomenon could be explained by the fact that PG has a higher volatility than Gly (NCBI, [2018a](#phy214093-bib-0019){ref-type="ref"},[b](#phy214093-bib-0020){ref-type="ref"}). Upon heating, PG is aerosolized at a lower temperature, and thus faster than Gly. Until Gly reaches its aerosolization temperature, condensation is formed in the e‐cigarette, leading in time to the formation of larger particles. Real‐time assessment of e‐cigarette aerosol particle composition and size distribution could help elucidate this phenomenon.

A wide range of nicotine concentrations and flavors in e‐liquids are available on the market. We showed that the addition of nicotine also increases particle size. Others have shown that addition of nicotine increases the number of particles that are generated (Fuoco et al. [2014](#phy214093-bib-0008){ref-type="ref"}; Manigrasso et al. [2015](#phy214093-bib-0017){ref-type="ref"}), as well as their size (Larcombe et al. [2017](#phy214093-bib-0014){ref-type="ref"}; Laube et al. [2017](#phy214093-bib-0015){ref-type="ref"}). Although we do not fully understand this phenomenon, it appears consistent across experimental settings that presence of nicotine leads to higher numbers and larger particles and, consequently, a reduced lung deposition.

We also assessed the impact of adding laboratory grade menthol, maltol and vanillin, three aromatic molecules frequently found in e‐liquids (Tierney et al. [2016](#phy214093-bib-0023){ref-type="ref"}), on e‐cigarette particle size. In their study, Fuoco et al. ([2014](#phy214093-bib-0008){ref-type="ref"}) did not report any changes in particle size when using selene‐flavored, strawberry‐flavored or two different tobacco‐flavored e‐liquids. Here, we show that, while menthol and maltol had mild impact on particle size, the addition of vanillin increased particle size. This shows that flavors can have different effects on particle size and that findings made using a given flavor cannot be easily extrapolated to another. Chemical properties of certain flavor molecules could facilitate the generation of larger particle compared to others. However, this remains to be confirmed experimentally.

Changes in power, PG/Gly ratios, nicotine concentration, and flavors can change the e‐cigarette emitted particle size distribution, potentially affecting lung deposition. Using the ICRP deposition model, we estimated how changes in particle size affected lung deposition (Fig. [5](#phy214093-fig-0005){ref-type="fig"}; Table [S2](#phy214093-sup-0001){ref-type="supplementary-material"}). Changes were observed in the total deposition fraction by changes in coil power (Fig. [5](#phy214093-fig-0005){ref-type="fig"}A; Table [S2](#phy214093-sup-0001){ref-type="supplementary-material"}), nicotine concentration (Fig. [5](#phy214093-fig-0005){ref-type="fig"}B; Table [S2](#phy214093-sup-0001){ref-type="supplementary-material"}), PG/Gly ratios (Fig. [5](#phy214093-fig-0005){ref-type="fig"}C; Table [S2](#phy214093-sup-0001){ref-type="supplementary-material"}), and the addition of vanillin (Fig. [5](#phy214093-fig-0005){ref-type="fig"}D; Table [S2](#phy214093-sup-0001){ref-type="supplementary-material"}). While few changes in deposition were observed in the head airway region and tracheobronchial airway region, drastic changes in alveolar airway deposition were observed in each variable analyzed. For e‐cigarette users, these differences suggest changes in the nicotine deposition, as well as the lung deposition of aforementioned harmful chemical compounds such as formaldehyde, acetaldehyde, acrolein, and other free radicals.

Overall, this study shows that changing the e‐cigarette setting and e‐liquid composition can alter e‐cigarette particle size distribution, leading to changes in lung deposition. This may affect the amount of nicotine that is absorbed, and how much PG/Gly and flavors interact with the alveoli. It also highlights how flavoring agents can drastically alter the physicochemical nature of e‐liquids. The physiological impacts of these changes remain to be investigated.
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**Figure S1.** Pictures of the vapor‐generating device, dilution drum and particle analysing system.

**Table S1.** Statistical analysis of the impact of electronic cigarette settings and e‐liquid constituents on particle size distribution.

**Table S2.** Statistical analysis of the impact of electronic cigarette settings and e‐liquid constituents on predicted lung deposition of aerosolized particles.
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